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Abstract 
In scanning microscopy in transmis-
sion (STEM) and reflection (SEM) the 
spreading of the spatial distributions of 
the forward- and backscattered electrons, 
respectively, deteriorates contrast and 
resolution. We therefore investigate this 
spreading by measuring quantitatively the 
corresponding distributions of secondar-
ies r e leased by these reemerging elec-
trons . In order to carry out this experi-
ment we visualize these distributions by 
using the surface of the specimen as the 
source of an emission microscope. 
The spreading of transmitted beams 
of 19.5 keV in thin films of Al and Ge 
0 .2-2 µmin thickness is reported here as 
well as the spatial distributions of se-
condaries released by backscattered elec-
trons from bulk Si-, Ge-, Ag- and Au-
specimens for 20-70 keV energy of the 
primary probe. By evaluating these dis-
tributions we calculated an upper li mit 
of the contrast available in SEM micro-
graphs obtained in the secondary mode. 
The formation of edge brightening, fla-
ring due tb charging and the top b ottom 
effect is demonstrated by means of emi s-
sion microscopical micrographs . 
Key_ __ words: Scanning electron microscopy 
in transmission and reflexion , electron 
scattering, backscattering of electrons, 
spatial distribution of SEl and SE2 , con-
trast on bulk specimens, edge brighten-
ing, charging artifacts , top bot tom 
effect, emission microscopy. 
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Introduction 
One of the most important factors 
affecting contrast and resolution of the 
scanning electron microscope (SEM) in 
reflection and transmission when opera-
ting in the secondary emission mode is, 
1) the probe diameter obtainable consis-
tent with reasonable noise free micro-
graphs and, 2) the current of secondaries 
generated by the backscattered and for-
ward scattered electrons at the surface 
of the specimen far from the point o f im-
pact of the primary beam. This has been 
well known already since 1959 when Ever-
hart et al. (1959) published their funda-
mental paper on this subject. In the 
meantime much experimental and theoreti-
cal work (cf e.g., Schur et al. 1967; 
Seiler 1968 , 1983; Murata 1974; Joy 1983, 
1984) has been done in order to decompose 
the video signal - formed by the sum of 
a]l secondaries quantitatively into 
its different components: 1 ) the fraction 
produced by secondaries released at the 
site of incidence of the focused primary 
beam (SEl); 2) the portion due to secon-
dary electrons generated by re e merging 
backscattered electrons (BSEs) at the 
surface of the specimen (SE2); 3) the 
component due to secondaries induced by 
backscattered electrons hitting th e pole 
piece of the final lens and the walls of 
the speci men chamber ( SE3) ; 4) the frag-
ment originating from secondaries relea-
sed by the primary bea m when passing the 
aperture of the objective lens (SE4). On-
ly the component SEl contains highly re-
solved information about the specimen 
surface. Therefore , it was the aim of ma-
ny investigations in the past to develop 
methods for suppressing the components of 
the video signal corresponding to these-
condaries of the type SE2 , SE3 and SE4. 
For bulk specimens with their high amount 
of SE2 one tried to r emove this component 
by analog subtraction of the signal of a 
separate detector for BSEs from the sig-
nal of the SE-detector (Crewe and Lin 
1976) or by an i maging SE-detector which 
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selectively cuts off the secondaries pro-
duced by the reemerging BSEs (Hasselbach 
et al. 1983) . The component SE3 is usual-
ly reduced by coating the surfaces of the 
specimen chamber with material of low se-
condary yield ( e.g., Peters et al. 1981) 
and/or by raising the potential of the 
emitting surfaces in such a way that the-
se secondaries cannot reach the detector 
(Reimer and Volbert 1979; Peters 1982). 
The fraction SE4 amounts to less than 2% 
of the video signal when the last apertu-
re is far from the specimen deep in the 
bore of the objective lens. 
The paper presented here is devoted 
exclusively to the quantitative emission 
microscopical measurement of the spatial 
distribution of the fraction SE2. This 
component is in principle responsible for 
the ultimate resolution available in to-
days SEMs on bulk specimens as well as 
for well known artifacts, e.g., edge 
brightening . In the scanning transmission 
mode the lateral spatial distribution of 
secondaries released at the exit surface 
of the forward scattered electrons is 
equivalent to the transmitted current 
density distribution. The widths of these 
distributions correspond to each other. 
These widths, referred to an infinitely 
fine impinging electron probe, limit the 
resolution in scanning transmission mi-
croscopy (e.g., Reimer 1984) . Therefore 
this width has been measured for thin 
films as a function of their mass thick-
ness in the very extended range from plu-
ral scattering over multiple scattering 
to the region of complete diffusion of 
the electrons . 
The emission microscopical method 
for the investigation of secondary cur-
rent density distributions is superior to 
all other known experimental techniques 
due to the fact that it forms a highly 
resolved magnified image of the emitting 
area by using only the electrons in 
question. Pease (1965) indirectly measu-
red the size of the emission area of the 
BSEs from projected images of a mesh pla-
ced just above the specimen surface. 
Chang and Nixon (1967) observed the cur-
rent density distribution via the conta-
mination formed, showing that under cer -
tain conditions the rate of polymerizati-
on of an adsorbed layer of hydrocarbons 
depends directly on the current density . 
Heidenreich and Thompson (1973) used the 
local polymerization of vinyl ferrocene 
caused by the electron bombardment to 
study the exit area of the BSEs and Yama-
moto (1976) used the image width of mag-
netic domain walls to measure the size of 
their exit area. 
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Principle for visualizing and measuring 
microscopically small spatial distribu-
tions of secondaries released by 
forward and backscattered electrons 
The width of the exit area of for-
ward and backscattered electrons induced 
by a fine primary electron probe depends 
on the energy of the primaries, the spe-
cimen material and, in the case of for-
ward scattering, on the film thickness. 
In any case the dimensions are 
microscopical; that is, in order to be 
investigated, these distributions must be 
magnified. Due to their large chromatic 
width, the scattered electrons cannot be . 
used directly to form an image of their 
current density distribution at the exit 
surface. Therefore we use the secondaries 
released by the reemergent scattered 
electrons to form a magnified image of 
their spatial distribution with the aid 
of a cathode lens (Hasselbach 1971, 1973, 
1975). A schematic illustration of this 
method for the scanning transmission mode 






Fig . la : Principle of the emission mi-
croscopical observation and measurement 
of the broadening of fine electron beams 
by scattering . 
The focused electron beam is inci-
dent on the specimen, a thin film contai-
ning a step, from the top. The electrons 
scattered in the step emerge from an area 
that is considerably more extended than 
those scattered in the thinner part of 
the specimen. The secondaries generated 
by the scattered electrons not much dee-
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per than about 3 nm from the exit surface 
may escape. These secondary electrons are 
accelerated in the electrostatic field in 
front of the specimen surface and an ima-
ge of the e~itting area is formed by the 
cathode lens at a magnification of about 
200 . If the electron beam is s~anned 
across the step the broadening due to 
scattering is directly visible on the 
fluorescent screen (Fig. lb) . 
Fig. lb: Emission micrograph showing the 
fine impinging beam and the beam broade -
ned in steps of Ge 0.78 pm in height . 
In forward scattering, all electrons 
leave the specimen surfa ce with nearly 
the same angle. Their chromatic spread is 
considerably smaller than that of back-
s c attered e l e ctrons from a bulk specimen . 
This justifies the approach of a constant 
secondary emission coefficient and a pro-
portional dependence of the spatial di-
stribution of the secondaries released at 
the exit surface to the current density 
distribution of the forward scattered 
electrons. 
In order to investigate the spatial 
distribution of BSEs and BSE induced se-
condaries {SE2) the experimental setup 
given in Fig . la has been modified in the 
following way (Fig. 2a): The fine elec-
tron probe (PE) strikes the specimen sur-
face from the front at an angle of 40° to 
the surface of the sample. These prima-
ries PE release the first component of 
secondaries SEl ( ➔ ) on entering the 
specimen surface and the second component 
SE2 (--) on leaving it as backscattered 
electrons. The emitting surface is again 
used as the source of an emission 
microscope, and the current density di-
stribution is visible on the fluorescent 
screen or may be recorded photographical-
ly for subsequent densitometric evalua-
tion. 
Due to the oblique incidence of the 
primaries, the current density distribu-
tion is asymmetrical in the x-plane and 
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symmetrical in they plane as shown sche-
matically at the bottom of Fig. 2a. The 
shaded area represents the secondaries 
released by backscattered electrons. 
As an example, micrographs of such 
current density distributions induced by 
fine 30 and 70 keV electron probes inci-
dent on a polished silicon specimen are 
shown in Fig. 2b. The secondary current 
density released in the area of the im-
pinging primary beam is more than 10 3 ti-
mes larger than in the diffuse area where 
L ,lLL 
□ SE1 RELE A SED BY PE 
LJ SE2 RE L EA SED BY BSE 
Fig . 2a: Principle of the emission mi-
croscopical observation of BSE induced 
spatial distributions of secondary 
electrons . 
Fig. 2b: Secondary current density di-
stribution released by a fine electron 
beam of 30 (left) and 70 keV (right) from 
silicon. 
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the secondaries are released by reemer-
ging BSEs. The halfwidth of the primary 
probe diameter was 0.3 pm (in order to 
see the SE2 area a large exposure time 
was necessary giving the impression that 
the primary probe diameter is much bigger 
than it really is). The secondaries SE2 
are released into an area about 400 (for 
30 keV) and 5000 times (for 70 keV) lar-
ger than the corresponding area of the 
fraction SEl. 
Although the secondary emission co-
efficient is not constant for backscatte-
red electrons due to their broad energe-
tic and angular distribution (see e.g ., 
Seiler 1967, 1968; Reimer and Tollkamp 
1980; Niedrig 1982), it has been proved 
experimentally for flat specimens of low 
atomic number that the SE2 distribution 
observed is proportional to that of the 
BSEs (Hasselbach and Rieke 1978). ,For 
specimens of high atomic number this is 
only approximately valid . 
The experimental set-up 
Our experimental set-up consists of 
a combination of a scanning microscope 
and an electron emission microscope. In 
order to study the distribution of secon -
dary electrons induced by transmitted 
electrons the set-up of Fig. 3a was used, 
and for the BSE induced secondaries the 
experiments were carried out with the ar-
rangement given in Fig. 3b . 
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Fig. 3a: Experimental set-up for the mea-
surement of SE distributions in transmis-
sion . 
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Fig . 3b : Experimental set-up for the mea-
surement of SE distributions in reflec-
tion. 
In both cases the scanning microsco-
pical column consists of a pointed catho-
de electron gun, two stages of demagnifi-
cation, scanning coils, stigmator and a 
decelerating lens. This lens is necessary 
since the specimen is negatively charged 
(-20 to -30 kV}. In the field of this 
lens the electrons are decelerated in a 
controlled manner in front of the speci-
men surface. Its low aberration constants 
(Pease 1967) did not appreciably broaden 
the probe diameter of about 0 . 3 -0.5 pm. 
The thin specimen in Fig. 3a is ir-
radiated at normal incidence by the beam 
while for the investigation of BSE indu-
ced secondary distribution the electrons 
are incident on the bulk specimen at an 
oblique angle of 40° to the specimen sur -
face (Fig. 3b}. A purely electrostatic 
three electrode cathode lens (Bruche and 
Johannsen 1932; Illenberger 1964) forms 
the image of the emitting area on the 
fluorescent screen . Focusing is done by 
adjustment of the bias voltage at the 
wehnelt electrode. The diaphragm in the 
back focal plane of the cathode lens re-
duces the spread of the velocity distri-
bution of the secondaries contributing to 
the image. As a result, resolution and 
depth of focus of the cathode lens are 
improved (Mollenstedt and Lenz 1963; 
Schwarzer 1975; Griffith and Rempfer 
1987). The cathode lens of Fig. 3a resol-
ved lines with a separation of about 20 
nm and the point to point resolution of 
that in Fig. 3b was 100 nm. 
The current density distributions 
were recorded electronically by using a 
lock-in technique (Hasselbach 1975) or 
photographically. In the latter case the 
subsequent densitometric evaluation was 
done with a Zeiss Axiomat light optical 
densitometer microscope with an on line 
microcomputer. 
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Results 
Spatial spreading of a forward scattered 
19.5 kV electron beam 
We investigated the spreading in mo-
del stuctures containing steps of Al and 
Ge of different height. While Fig. 4 il-
lustrates these structures schematically 
the broadening of an electron beam in 
such a structure containing Ge-steps 0 . 78 
pm in height is shown in Fig. lb. 
Al resp. Ge steps 
(0.1 - 1.9 j.1111) 
conducting layer 
(Al. Ge. 0,02 ).1111) 
Formvar film 0,02 µm 
Fig. 4: Experimental structure used to 
measure the forward beam spreading . 
Electronic records of the intensity 
profiles at right angles to the thin and 
broadened lines of Fig. lb are shown in 
Fig 5 as solid curves. 
do do 
2 2 2 
d exp =h -do 
Fig. 5: Characteristic plots of beam pro-
files showing the broadening of the Gaus-
sian primary beam of half width do by 
scattering in a step of Ge 0.7 pm in 
height. The FWHM of the broadened beam is 
h. The dots represent fitted Gaussian 
distributions. 
The recorder traces and the dots in Fig. 
5 - the latter representing fitted Gaus-
sian distributions of the same height and 
full width at half maximum (FWHM) - al-
most coincide. Therefore, the broadening 
of an infinitely thin primary beam dexp 
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may be calculated approximately by using 
the quidratic superposition law valid for 
Gaussian distributed profiles: 
( de x o l 2 h 2 - do 2 (1) 
Such profiles have been recorded for dif-
ferent heights of aluminium and germanium 
steps. The experimental values of dexp 
were deduced by using equation (1) . The 
results are shown as solid curves in 
Figs. 6 and 7. The error bars contain 
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D 
Fig. 6: Increase of the FWHM dexp in Al 
of an infinitely fine impinging beam 
plotted as a function of the height of 
the steps. Dashed line: Theoretical for-
ward beam spreading obtained via Fermi's 
























D HEIGHT OF STEPS 
0.2 0.4 0,6 0.8 1,0 1,2 µm 
Fig. 7: Increase of the FWHM dexp in Ge 
of an infinitely fine impinging beam 
plotted as a function of the height of 
the steps. Dashed line see Fig. 6. 
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The theoretical curve dtheor, depic-
ted with dashes, has been calculated 
(Hasselbach 1975) using the simplified 
form of the Boltzmann transport equation 
(Fermi 1941; Nosker 1969; Chung and Tai 
1978). The energy losses of the electrons 
when passing through the material were 
not taken into account. This fact ex-
plains the divergence of the theoretical 
curve for large step heights. 
The beginning of multiple scattering 
and complete diffusion of the electrons 
(the latter according to the definition 
of Tomlin (1963)) is marked at the ab-
scissa by MS and D, respectively. 
Consequences for STEM imaging and elec-
tron beam lithography 
The applicability of the results to 
scanning transmission microscopy (STEM) 
and especially to the field of electron 
beam lithography should now be clear: The 
broadening of the electron beam with in-
creasing film thickness leads in scanning 
transmission microscopy to a dependence 
of the resolution limit on the depth at 
which the imaged structure is located in 
the specimen, since, due to the scatter-
ing, the structures are scanned by a 
depth dependent electron probe. Cases 
where the structures are located at the 
upper and lower surface of the specimen 
are well known as the top bottom effect 
(Gentsch et al. 1974). 
The proximity effect is still the 
basic limitation on resolution in nanome-
ter electron beam lithography (EBL) . The 
most powerful method of minimizing proxi-
mity effects in EBL is the use of thin 
freestanding photoresist films (Hassel-
bach and Rieke 1980, 1986; Joy 1983) or 
very thin resist films on very thin sub -
strates (Broers et al. 1978; Adesida and 
Everhart 1980). The resolution achievable 
in thin membrane lithography may be esti-
mated using our results concerning the 
spatial extent of the forward scattered 
electrons. 
Spatial distribution of BSE induced 
secondary electrons for 
20 - 70 keV primary energy 
These experiments were performed 
using flat bulk specimens of Si, Ge , Ag 
and Au. The Si and Ge specimens consisted 
of highly polished single crystals as 
used in semiconductor technology, the Ag 
and Au specimens of evaporated layers of 
these metals on glass substrates. Their 
thicknesses were chosen to exceed the 
exit depth of BSEs at 70 keV . 
The current density distributions 
were measured - in contrast to the exam-
ple of point spread functions presented 
in Fig. 2b - perpendicular to line scans 
in x- direction (Fig. 2a). The spatial 
distribution induced by such a line scan 
is given in the series of emission micro-
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graphs {a-h) of Fig 8. The exposure time 
of the lines is increased by a factor of 
2 from micrograph to micrograph. Only in 
Figs. f-h is the broad distribution of 
SE2, due to their low current density, 
clearly visible. The densitometer trace 
across the line scan - Fig. 9 shows 
that the distribution is about 20 µm 
wide, while the peak height of the SE2 
Fig.8: Emission micro-
scopical micrographs 
of the spatial distri-
bution of the SEl+SE2 
induced by a scanning 
beam of 40 keV inci-
dent on a silicon 
specimen. The exposure 
time is increasing 
from bottom to top by 




is, at its maximum, less than 2% of that 
of the SEl. 
In order to evaluate these distribu-
tions quantitatively, we plotted them 
using a logarithmic vertical scale and 
two horizontal scales y 2 and y for the 
distance from the center of the impinging 
beam. As an example such a plot for im-
pinging electrons of 20 and 50 keV on si-
licon is given in Fig. 10. 
The possibility of approximating the 
plot by two straight lines indicates that 
the spatial distributions of the secon-
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Si 40keV 
Sµm 
Fig. 9: Densitometric evaluation of the 
micrograph given in Fig. 8. 
l (YJ 
I /OJ 1 
Si 20 keV Si 50 keV 
FWH/ol 0.3µm 
0.1 
fz ' Ns !l.s. 
01 
~ 0031. \ -- N+N 5~• 
~ ' \ 
i 0.01 ~\ - . . cw= 'o";: ~"-~ ~--
. 2.9µm 
yZ/µm2 
10 20 0 10 20 30 lO 
01 2 01 2 3 5 6 Y/µm 
DISTANCE FROM INCIDENT PROBE 
Fig . 10: Logarithmic plot of the seconda-
ry current ~ensity distribution perpendi -
cular to a line scan at 20 and 50 keV . 
Note the abscissa scales y and y 2 • 
daries released by the primary as well as 
by the backscattered electrons may be re-
presented by Gaussian distributions . As-
suming that the measured intensity di-
stributions are convolutions of the di-
stributions of the BSE induced secondar-
ies with the width of those induced by 
the primary beam, we have plotted in Fig~ 
11-14 the deconvoluted FWHM of the SE2 as 
solid curves. Each cross represents the 
average of about 40 measurements; the er-
ror bar gives therms deviation. 
The lines drawn with dashes in Figs. 
11-14 represent the relative peak height 
Ns/N of the Gaussian distributions {a 
sketch is given in Fig. 11). The error 
bars of the relative peak height show the 
sum of about 5% rms deviation and an 
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Fig . 12 
Fig. 11, 12: Characteristic parameters of 
secondary current density distributions 
released by backscattered electrons from 
Si and Ge as a function of the energy of 
an impinging infinitely fine electron 
beam . FWHM is the full width at half ma-
ximum of the Gaussian distribution and 
Ns/N its relative height {a sketch is gi-
ven in Figs . 10 and 11). 
FWHM of the impinging primary beams: 
Si: 0 . 3 ±0.03 µm 
Ge: 0.5 ±0 . 03 µm 
the fact that the contamination induced 
gradually decreases the secondary yield 
{Seiler and Stark 1965). The error of 
Ns/N for Au, especially at low energies 
(20 and 30 keV), is possibly larger than 
what is given by the bars since extrapo-
lation {Fig. 10) is rather difficult for 
very narrow SE2 distributions. 
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Fig. 14 
Fig . 13, 14: The same characteristic pa-
rameters of secondary current density di-
stributions as in Figs. 11 and 12, but 
for the elements Ag and Au. 
FWHM of the impinging primary beams: 
Ag: 0.5 ±0.03 µm 
Au: 0.3 "±:0.05 µm 
Discussion of the results 
A quick check of the literature re-
veals that to date many theoretical cal-
culations and experiments have been per-
formed especially in the context of 
electron beam lithography - on the spati-
al distributions of backscattered elec-
trons. Most of these investigations were 
confined to the most popular materials 
in semiconductor technology, Si and Au, 
and limited to electron energies of 15-
30 keV. In the present paper such inve-
stigations have been extended to elements 
of intermediate density and to energies 
of the impinging primaries up to 70 keV 
{Hasselbach and Rieke 1982, Hasselbach 
48 
and Krau~ 1985). Materials in this densi-
ty range { e.g., GaAs) and the higher 
energies are of increasing importance in 
EBL. 
The width of our spatial distributi-
ons of BSE induced secondaries, especial-
ly for Si, may be directly compared with 
the exposure spreading measured in photo-
resist films for energies in the range of 
15-25 keV, e.g., by Hawryluk et al. 
(1975), Grobmann and Speth (1978), Chung 
and Tai (1978), Hasselbach and Rieke 
(1978) and Shaw (1981). Our emission mi-
croscope result for Si is precisely in 
the middle of the values obtained by the-
se authors. For Au our distributions are 
consistently about 15% wider. This may be 
due to different angular distributions of 
the emerging BSEs in material of high 
atomic number. 
All results mentioned above refer to 
a normal incidence of the primary beam -
in contrast to our present investigations 
which have been done at an angle of 50° 
to the surface normal. According to a 
Monte Carlo calculation by Murata (1974) 
the FWHM of our distributions of the BSEs 
at 50° should be only about half as wide 
as that achieved at normal incidence. 
Spatial distribution of secondaries 
released close to sharp edges by 
reemerging and scattered electrons: 
"edge brightening", "edge brightness 
contrast", "penetration fringes" 
Edge brightening has been well known 
since the early days of scanning electron 
microscopy {Smith 1956, Thornton 1968) 
and publications continuously appear on 
this subject today {e. g., Reimer 1968; 
Shimizu and Murata 1971; George and Ro-
binson 1976; Wells 1977, 1986; Joy 1984; 
Reimer et al. 1986). All these papers 
contain explanatory illustrations similar 
to Fig. 15 in order to give an idea of 
the various trajectories of the scattered 
electrons and of the origin of the corre-
sponding current density of secondaries. 
As it turns out our emission micro-
scope method is the only one enabling one 
to visualize directly the origin of these 
electrons on the fluorescent screen, not 
only for model specimens but also for 
complicated structures {Hasselbach and 
Rieke 1976). In addition, the method al-
lows for a locally resolved quantitative 
evaluation of the secondary current den-
sity distribution. 
In Fig. 15 one finds the different 
groups of secondaries leading to the ef-
fects mentioned above. SEl are released 
in the area of the impinging primary 
beam. The fraction SE2 must be divided 
now into subgroups: the conventional SE2s 
and those leaving the pearshaped penetra-
tion profile where it is cut by the edge. 
More secondaries and scattered primaries 
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Primar y El ec tr on s 
-- Scattered Primaries 
-- Secondary Electrons 
Fig . 15: Explanatory illustration of edge 
brightening, edge contrast and penetrati-
on fringes . 
can escape from this "additional 
surface". The third component of SE2s are 
those released by scattered primaries 
leaving the edge and hitting the specimen 
surface a second time far from their ori-
ginal point of incidence, contributing 
again to the secondary yield. In SEM mi-
crographs information on specimen detail 
is blurred by this flood of unspecific 
secondaries. Contrast and resolution, in 
turn, are reduced . 
Illustrative micrographs of current 
density distributions are presented in 
the following figures. In the first one, 
Fig . 16, the spatial distribution of the 
current density is shown if the electron 
beam is directed on a flat portion of an 
Al-specimen containing quadratic steps. 
Fig. 16: Edge brightening if the primary 
beam hits a flat region between the 
steps. Incident electron energy 20 keV. 
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The bright zone of about 8 pm in diameter 
corresponds to the first subgroup of 
SE2s. Some of the reflected electrons hit 
the adjacent steps and illuminate them. 
These secondaries belong to the third 
subgroup of SE2s. 
In Fig. 17 the electron beam was 
scanned across a stepped specimen. The 
scattered electrons leaving the steps at 
the side illuminate steps as far as 40 
µm from the line {the line scan is 
strongly overexposed). 
Fig . 17: Edge brightening if a line is 
written on the surface of the specimen. 
Incident electron energy 20 keV. 
In Fig. 18a an emission microscope 
image of a specimen containing an edge 
and surface protrusions is shown. The 
emission is induced here by a wide elec-
tron beam illuminating the specimen uni-
formly. 
In Fig . 18b the same specimen is hit 
by a fine electron beam near the edge. 
Sca t tered electrons emerge from the edge 
laterally, casting shadows of the 
protrusions . 
A characteristic quantitative eva-
luation of a current density distribution 
near an edge is given in Fig. 19. The ex-
perimental details are illustrated in the 
schematic diagram on the left side of 
Fig. 19 . 
The enhanced production of secondar-
ies at the edge (2) is clearly visible in 
the xl0 plot. Scattered electrons leaving 
the edge and hitting the specimen a se-
cond time release secondary electrons of 
very low current density (3), but over an 
extremely large area. One has to keep in 
mind that the current integrated over the 
whole area is associated with one pixel 
of the SEM micrograph. 
The scattered electrons which ac-
count for edge brightening effects expo-
se or pre-expose photoresist films in 
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Fig. 18a: Emission microscopical micro-
graph of a specimen containing an edge 
(left side) and surface protrusions. 
Fig. 18b: Same specimen as in Fig. 18a . A 
focused beam (20 keV) enters at the 
edge. Scattered electrons leaving the 
step at the side radially illuminate the 
specimen . The protrusions cast shadows. 
electron beam lithography in an uncon-
trolled manner. This contribution to the 
proximity effect must be taken into ac -
count in high resolution electron beam 
lithography. 
Spatial distribution of secondaries 
released by deflected primary electrons 
and scattered electrons: 
The formation of charging artifacts 
If an electron beam is directed at a 
nonconductive particle deposited on the 
surface of the specimen it usually char-
ges positively (Pawley 1972) due to the 
high secondary yield of insulators. The 
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Fig . 19: Plot of the local intensity di-
stribution of secondary electrons if the 
primaries of 20 keV impinge near an edge. 
A sketch of the structure of the specimen 
is given on the left side of Fig . 19. 
potential of the particle may rise so 
high that large-angle deflection of pri-
mary and fast scattered electrons occurs . 
This is demonstrated in the following 
emission microscopical micrographs. In 
the first micrograph (Fig. 20), the whole 
specimen surface is simultaneously illu-
minated by a defocused electron beam. 
Fig . 20: Emission microscopical micro-
graph of a specimen containing steps and 
a nonconductive particle in the middle. 
In the next (Fig. 21), the same part of 
the surface is scanned by a focused elec-
tron beam. In the vicinity of the positi-
vely charged particle, the scanning elec-
tron beam is strongly deflected towards 
the positive charge, as may be learned 
from the curvature of the line scans. In 
the last Fig. (22), the focused primary 
beam was pointed directly at the insula-
ting particle. The particle is charged 
momentarily. The primaries and the fast 
scattered electrons are deflected into 
angles as large as 140°. They illuminate 
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the surface of the specimen in an area 
surpassing that given in the micrograph. 
The secondary electrons released, form 
the image shown in Fig . 22. 
Fig . 21 : Emission microscopical 
micrograph. The illuminating beam is fo-
cused into a fine spot and scans the spe-
cimen surface. The scanning beam is de-
flected towards the particle indicating 
positive charge. Incident electron energy 
20 keV . 
Fig. 22: The focused primary beam is po-
inted directly at the nonconductive 
particle. It charges so high that prima-
ries and scattered electrons are deflec-
ted and illuminate an area more extended 
than the surface visible in the micro-
graph. Incident electron energy 20 keV. 
In a SEM with a conventional secon-
dary electron detector all these elec-
trons make one pixel of the cathode ray 
tube brighter. 
Grazing incidence of the electrons 
leads to an excellent visibility of very 
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small irregularities of the surface in 
Fig. 22. These are invisible in the emis-
sion micrograph shown in Fig. 20 and in 
scanning electron microscope images. 
Using the technique of emission microsco-
pe imaging with grazing incidence, we we-
re able to visualize steps as low as 2 
nm. 
BSE induced secondaries and contrast 
in the SEM 
In this section we will assume that 
our SEM prevents all SE3 and SE4 from 
reaching the SE detector. The highly re-
solved signal SEl is then only obscured 
by the slowly varying SE2 signal . The ma-
ximum contrast Cmax available at the re-
solution limit of the SEM may be defined 
by the highly resolved SEl signal divided 
by the sum of all secondaries emerging 
from the specimen surface: 
Cma x 
SEl 
(SEl + SE2) 
(2) 
This maximum contrast Cm a x for an impin-
ging probe of negligible diameter may ea-
sily be derived from our experimental re-
sults given in Figs . 11-13 (Hasselbach 
and Krau~ 1985). The number of electrons 
in fraction SEl is calculated by integra -
ting perpendicular to the Gaussian di-
stributed line scan of the impinging 
probe. The number of electrons of the 
group SE2 is calculated by integrating 
Gaussian distributions with the deconvo-
luted parameters as given in the figures 
mentioned above. Within the limits of 
error the values calculated for Cmax do 
not depend on the energy of the impinging 
primaries: 
Silicon Cm a x = 0 . 68 
Germanium Cmax 0 . 72 
Silver Cmax 0 . 71 
Keeping in mind that the error of these 
contrasts is 20%, this means: at the re-
solution limit of the SEM, irrespective 
of the accelerating voltage chosen (20-
70kV) and specimen material (Si, Ge and 
Ag) , the maximum contrast available re-
mains constant. 
(Because of 
Ns / N for 
computed). 
the higher uncertainty of 
Au , Cmax for Au was not 
Conclusions 
The emission microscope technique 
has proved to be a very powerful one for 
investigating microscopic spatial distri-
butions of secondary electrons as well as 
of forward and backscattered electrons. 
In contrast to all other techniques, it 
directly visualizes the electron distri-
butions on the fluorescent screen and on 
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photographic or electronic records. This 
renders possible their quantitative 
evaluation. The experiments described ab-
ove have verified that the method is very 
advantageous for the study of the funda-
mentals of image formation in STEM and 
SEM. In addition it allows one to calcu-
late the limits of contrast available in 
scanning electron microscopes, and to 
estimate the resolution of scanning elec-
tron microanalysers and of electron beam 
lithography equipment. The emission mi-
croscopical method is open for many other 
applications in the future. 
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Discussion with Reviewers 
Klaus-Ruediger Peters: In Figure 2 you 
demonstrate a diagram of SE current den-
sities drawn approximately to scale with 
the micrograph of 1350x magnification. 
What are your proofs that SE measured in 
the central peak above the plateau are in 
fact produced by the entering electrons 
of the probe? At the low magnification 
used the smallest details discernible by 
an unaided eye are 100-200nm in diameter. 
The exit area of SE produced by entering 
individual primary electrons is 1-2 n~ in 
diameter (Everhart, Wells and Oatley, 
1959; Seiler, 1967; Murata K. (1973). 
Monte Carlo calculations on electron 
scattering and secondary electron produc-
tion in the SEM. Scanning Electron 
Microsc. 1973; II: 267-276). In order to 
visualize such qualitative details appro-
priate magnification and probe size must 
be used. Unfortunately, your magnificati-
on is 1000 times too small and the probe 
cross section is 10 7 times too large. 
Quantitatively it is obvious that the 
central peak is identical to size and in-
tensity distribution of your probe. 
However, the total SE current profile 
matches in its proportion spatial BSE 
emission profiles calculated for infini-
tely small beams and 0° and 45° incidence 
on Cu at 20 keV (Murata 1973). These cal-
culations show that 15% of the total BSE, 
emitted after only one (wide angle) scat-
tering event from an area 200 nm in 
diameter, produced a central peak of si-
milar height as your SE emission pro-
files. However, a large beam diameter as 
applied in your study is necessary to re-
cognize and ' visualize such a BSE peak at 
low magnification. 
Author: Clearly, the SE measured in the 
central peak are produced by the ingoing 
electrons and the backscattered electrons 
reemerging within the probe area. I fully 
agree with you. The aim of our measure-
ments was to supply quantitative data of 
the BSE induced secondaries outside of 
the impinging beam and far from it. In an 
early experiment we tried to prove the 
influence of wide angle scattering on the 
FWHM of our central peak by measuring its 
profile on a bulk as well as on a thin 
film specimen. Within the limits of error 
we could not detect any difference. 
Klaus-Ruediger Peters: With your unique 
method you can quantitatively measure SE 
produced outside the conventional, range-
defined exit area of BSE. Can you give 
some data about these SE imaged in Figs. 
16-18? What was the highest amount of SE 
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produced by reentering scattered elec-
trons you encountered? On what 
topography? 
Author: I can give you only a very rough 
estimate of the SE produced by reentering 
scattered electrons in Fig. 18b: Their 
average intensity is about 0.1% of that 
of the SEl in an area about 10000 times 
larger than the area of the impinging 
beam, i.e. we have about 10 times more 
SE2 produced by the reentering scattered 
electrons than SEl. The grazing incidence 
of the reentering electrons accounts for 
the high SE2 yield. 
H. Seiler: The main difference between a 
conventional SEM and your experimental 
set-up is to my opinion the highelectric 
field at the specimen surface. Therefore 
one would expect significant electron de-
tection efficiency changes by your measu -
ring method, especially at sharp edges 
and deep notches of the specimen. In the 
case of insulators or thin insulating 
layers on bulk material, field enhanced 
secondary electron emission may occur. 
Have you noticed something like that? 
Author: There is in fact a difference 
between conventional SEM micrographs and 
those taken with our detection method due 
to the large detection efficiency changes 
on the structures you mentioned. Micro-
graphs taken with this method are similar 
to those produced by emission microscopes 
as demonstrated in our paper on this to-
pic (Hasselbach et al. 1983). 
In answer to the second part of your 
question: The only experiment concerning 
thin insulating layers on bulk material 
that I did is published in my PhD thesis 
(1973). Using a focused electron beam I 
wrote lines on Al and Au substrates par-
tially covered with a thin layer of KCl. 
An increased SE emission as well as FWHM 
of the line profiles was observed on the 
part of the specimen covered with KCl 
compared to that without KCl. 
Kenji Murata: Have you tried to obtain 
the iso-contours by varying exposure time 
in the experiment of Fig. 2b? 
Author: Yes we took micrographs at diffe-
rent exposure times. An iso-contour eva-
luation was not possible at that time due 
to the lack of a qualified densito-
meter. We hope to do this and report it 
later. 
Kenji Murata: Please give a brief de-
scription about your film contrast. Are 
the results (Figs. 5-7 and Figs. 9-14) 
corrected for film contrast? 
Author: The results shown in Figs 5-7 we-
re obtained using an electronic recording 
technique (semicoductor detector and 
lock-in amplifier (see Hasselbach 1975)), 
while each of the plots shown in Figs. 9 
and 10 contains densitometric data of 2 
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micrographs differing in their exposure 
time by a factor of 16 in order to record 
the high and low levels of the distribu-
tions in the linear part of the photogra-
phic emulsion. All results shown in Figs . 
11-14 were obtained by using this 
method . The densitometer was gauged by 
exposing a number of lines on our film 
material and doubling the exposure time 
from line to line. The linearity of our 
system was confirmed by subsequent densi-
tometric evaluation of these lines . 
Kenji Murata: In the results of Figs 11-
13 the values of FWHM seem to approach 
zero as E goes to zero. But the result 
for Au in Fig. 14 does not . Is this cau-
sed from a large error which you mentio-
ned in the paper? 
Author: Yes. For Au at low energies (20, 
30 keV) we observe a FWHM of the SE2 that 
is only about two times larger than the 
FWHM of the impinging electron beam. 
Both, the FWHM of the SE2 distribution 
and that of the impinging beam are sub-
ject to large relative errors. This leads 
to the large error of the deconvoluted 
FWHM of the SE2 for Au at low energies. 
Kenji Murata: In comparing the results in 
Fig. 18b and Fig. 22, the micrograph in 
Fig. 22 seems to have higher spatial re-
solution regardless of a larger illumina-
ting electron source size with the non-
conductive particle. Could you comment on 
this? 
Author: Both micrographs are emission mi-
croscope micrographs . Their resolution 
depends not on the size of t he illumina-
ting beam diameter but only on the resol-
ving power of the immersion lens. The re-
solving power of this lens is very sensi-
tive to contamination of the diaphragm in 
its back focal plane leading to increased 
astigmatism. In Fig. 18a and 18b contami-
nation of this aperture deteriorated the 
resolution due to astigmatism . 
Kenji Murata: The spatial spreading of 
backscattered electrons is often gi ven by 
Rb=aE 0 • Can you give the values of a and 
n from your results of FWHM in Figs. 11-
14 ? 
Author: The FWHM in fu.g/ cm2 and E in keV 
is for the different elements: 
Si: FWHM 5.8 El . 3 9 
Ge: FWHM 11 . 7 El . 4 S 
Ag: FWHM 16 .3 El . 3 7 
Au: FWHM 11. 0 El . 4 S 
P.S.D. Lin: What is the spatial resoluti-
on of the emission microscope used in 
these experiments? 
Author: Point to point resolution is ab-
out 100 nm, the line resolution in the 
experiment on forward scattering 20 nm. 
P . S.D. Lin: You state in Introduction 
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the lateral spatial distribution of 
secondaries released at the exit surface 
of the forward scattered electrons is 
equivalent to the transmitted current 
density distribution ... ". This equivalen-
ce is questionable. Please supply theore-
tical or experimental evidence for this 
equivalence. 
Author: The SE yield at the exit surface 
depends on the angle of exit of the ree-
merging electrons and on their kinetic 
energy. In thin films the spread of their 
energy distribution is small and most of 
the transmitted electrons leave the spe-
cimen surface to a good approximation 
normally. For electrons scattered in very 
thick films or for backscattered elec-
trons, both the angular distribution and 
the energy spread is large and to a first 
approximation does not depend on their 
point of exit. Therefore we get different 
SE emission coefficients for the reemer-
ging electrons from thin and very thick 
films. But, in both cases the SE emission 
coefficient does not depend on the point 
of exit of the scattered electrons. This 
leads to the equivalence mentioned. We 
demonstrated this equivalence for BSE in-
duced SE ' s (Hasselbach and Rieke 1978) . 
Up to now, we did not prove this equiva-
lence for films of intermediate thick-
ness. 
Ll- Joy: Can you clarify your statement 
that SE2 "is in principle liable for the 
ultimate resolution available in ... SEM"? 
It would seem that this is true at low 
magnifications (where the pixel size is 
large compared with the SEl escape diame-
ter) but it surely is not generally true. 
Author: The following idea is behind this 
statement: Contrast in the SEl-only sig -
nal is about twice of that in the SEl+SE2 
image , if we assume that the SE2 signal 
is of equal strength as the SEl signal . 
If structures in a pure SEl micrograph 
would be just visible, they will be no 
more discernible in an SEl+SE2 
micrograph. The SE2 reduce contrast and 
the loss of contrast, in turn, deteriora-
tes the resolution. 
D.C. Joy: Is it correct to estimate the 
backscatter contribution to the SE yield 
by performing a one-dimensional integra-
tion across the experimental emission di-
stributions (e.g. Figs. 11-13)? Is not 
the ratio more reasonably given by a two-
dimensional integration under the 
profile? 
Author: Yes. We perform a two-dimensional 
integration in reality. In the paper I 
only mentioned the second intergration 
which was performed analytically perpen-
dicular to the line scans. The first in-
tegration is already performed when the 
line is written onto the photographic 
plate: Imagine an intersection perpendi-
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cular to a line scan (such a line scan is 
e.g. shown in Fig. 8). When the line is 
written, every part of the SE distributi-
on as e.g. given in Fig. 2b, passes our 
intersection successively and contributes 
to the exposure. The result is an integ-
ration of the point spread functions as 
given in Fig. 2b parallel to the scanning 
direction. 
L. Reimer: In relation to the definition 
of contrast given by equation (2) one 
must realize that contrast can be very 
complex. One can discuss the BSE induced 
SE yield by the quantity 8 in 
S :: ~0 (A-f/l'} 
Then Cma x =1/ ( l+{l,,) 
With the Cmax values tabulated in text, 










Quantitative values of (3 have been re-
ported by us (Reimer L, Drescher H. 
(1977). Secondary electron emission of 
10-100 keV electrons from transparent 
films of Al and Au. J. Phys . D: Appl. 
Phys., Vol. 10, 805-815 (1977)) and in my 
SEM book Fig. 4.25, p. 153. The value of 
Al agrees with these results, the values 
for Ge and Ag are much lower. Can it be, 
that because of the higher density and 
decreased range part of the SE emission 
belonging to SE2 is counted in SEl? 
Author: We also noticed the discrepancies 
of {A for Ge and Ag derived from our mea-
surements compared to literature data and 
we have been thinking about it. The as-
sumption given in your last sentence, 
holds true only if our extrapolation met-
hod schematically described by Fig. 10 
does not give the true values of the in-
tensity of the BSE induced SE ' s inside of 
the primary beam. I cannot find theoreti-
cal arguments against our method of 
extrapolation. 
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